Abstract. The C:N ratio is a critical parameter used in both global ocean carbon models and field studies to understand carbon and nutrient cycling as well as to estimate exported carbon from the euphotic zone. The so-called Redfield ratio (C:N = 6.6 by atoms) [RedfieM et al., 1963] is widely used for such calculations. Here we present data from the NE Greenland continental shelf that show that most of the C:N ratios for particulate (autotrophic and heterotrophic) and dissolved pools and rates of transformation among them exceed Redfield proportions from June to August, owing to species composition, size, and biological interactions. The ecosystem components that likely comprised sinking particles and had relatively high C:N ratios (geometric means) included (1) the particulate organic matter (C:N = 8.9) dominated by nutrient-deficient diatoms, resulting from low initial nitrate concentrations (approximately 4 •r) in Arctic surface waters; (2) the dominant zooplankton, herbivorous copepods (C:N = 9.6), having lipid storage typical of Arctic copepods; and (3) copepod fecal pellets (C:N = 33.2). Relatively high dissolved organic carbon concentrations (median 105 }aM) were approximately 25 to 45 • higher than reported for other systems and may be broadly characteristic of Arctic waters. A carbon-rich dissolved organic carbon pool also was generated during sununer. Since the magnitude of carbon and nitrogen uncoupling in the surface mixed layer appeared to be greater than in other regions and occurred tlu:oughout the productive season, the C:N ratio of particulate organic matter may be a better conversion factor than the Redfield ratio to estimate carbon export for broad application in northern high-latitude systems.
Experimental Procedures
Water samples were collected using 10-L Niskin bottles that had been fitted with Teflon-coated, stainless steel springs mounted on a rosette sampling system. Subsamples were taken for the analysis of dissolved and particulate concentrations. Total carbon dioxide (TCO2) was analyzed by coulometric titration using a SOMMA system following the methods deschbed by Johnson et al. [1993] . Dissolved oxygen and nutrients were analyzed using standard techniques (Winkler titrations and Technicon Autoanalyzer II ). Urea samples were frozen at sea and later analyzed using the urea-diacetyl monoxime method on an Alpkern autoanalyzer [Koroleff, 1983] containers filled with water collected from the depth of the chlorophyll maximum. All experimental containers were held in the dark at in situ temperatures (-1.5 ø to -1.0øC) for the duration of the experiment. The methods for measuring egestion, respiration, and excretion rates are described by Daly [1995, 1997] . Briefly, for carbon and nitrogen egestion rates, 2 to 4 Ca/anus or Metridia were placed in 70-or 90-mL glass jars containing water from the chlorophyll maximum. Rates measured in these jars were similar to those for copepods held in 2-L jars. The jars also held an inner plastic cylinder with a 500-•tm mesh bottom to prevent the reingestion of fecal material. After 3 to 5 t•ours, pellets were siphoned onto combusted GF/F filters, rinsed briefly with distilled water, excess water was removed by hand pump, and the filters were frozen.
Blanks were determined by using two filters (layered) for one of the replicates in each experiment. Copepods also were rinsed, blotted dry, and frozen. In the laboratory, pellets and and then were dried at 60øC, weighed, and measured for particulate carbon and nitrogen content in the shore-based laboratory. Table 4 Rates for female C. hyl•erboreus were measured, but tbr other stages and species, CO2 production was estimated from oxygen consumption rates or respiration as a percent daily loss of body carbon using weight-specific rates for females, dry weights of life history stages (CI -CV, females), and abundance of each stage of copepod within depth intervals. Rates for copepodite stages CI -CV were assumed to be copepods were dried at 60øC, the copepods weighed, and then proportional to dry body weight [Ikeda, 1985] . Rates of CO2 both were analyzed for particulate carbon and nitrogen on the production and ammonium excretion for C. glacialis are from CHN analyzer. For carbon dioxide and oxygen respiration B•mstedt and Tande [1985] ; carbon and nitrogen (NOs + NH4) uptake by phytoplankton is in nmol L 4 h 4. Copepods were female Calanus hyperboreus; body carbon (C) and nitrogen (N) are in [tmol, carbon dioxide respiration (CO2), ammonium excretion, and carbon and nitrogen egestion are in nmol ind 4 h 4. The euphotic zone was < 70 m. * C:N ratios are geometric mean ratios with 95% confidence intervals in parentheses, except the consumption ratio (DIC:NO3) was estimated by the geometric mean regression (95% CI) of salinitynormalized anomalies integrated 0 -70 m.
Community respiration and excretion rates in

Data Analyses
The effect of biological processes on total dissolved inorganic carbon was calculated following the methods described by Yager et al. [1995] , which corrected for physical-chemical processes including dilution from sea ice melt and river input, calcium carbonate precipitation or dissolution, and atmospheric gas exchange due to warming or diffusion. The biological removal of DIC by animals with CaCO3 shells appeared to be minimal since the regression of alkalinity on salinity did not suggest any evidence of nonconservative behavior with respect to calcium carbonate. Wind speed was low during the study (0 -4 m s'•), and thus estimation of diffusive gas exchange from the atmosphere was negligible [D.
Wallace, unpublished data, 1997].
In previous studies, C:N stoichiometry usually has been determined by the model I regression, the mean of ratios of paired data (i.e., X of C:Ns), or as the ratio of the means of paired data [i.e., (X of C)/(X of N), with no variance]. These approaches are inappropriate for two reasons' (1) there is random and/or measurement error in x and y, and (2) these data often are not normally distributed [Ricker, 1973 ' McArdle, 1988 ]. Here we use either the geometric mean (GM) model II regression, the median, or the geometric mean ratio as a measure of central tendency (see Table 1 ), the latter being a better measure for ratio or rate data with a skewed or lognormal distribution [Zar, 1984] . The arithmetic mean overestimates the central trend for positively skewed lognormal frequency distributions (long right-hand tail), such as is common for biological data in marine systems, whereas both the geo- The C :N ratios for POM were moderately elevated through the euphotic zone relative to Redfield-Takahashi stoichiometry, whereas the C :N ratios of phytoplankton uptake rates (N = nitrate plus ammonium assimilation) were significantly higher, particularly near the surface (Figure 3 ). The influence of detritus on the particulate C:N ratio could not be examined using the conventional LSR regression approach [e.g., Banse, 1974 Banse, , 1977 , because POC, PON, and chlorophyll had lognormal distributions and thus did not meet the assumptions of parametric regression [Zar, 1984] .
Although the detrital contribution to particulate matter could not be directly assessed, nutrient limitation and the species composition of phytoplankton appear to have influenced the elevated ratios for POM and phytoplankton uptake rates throughout the productive season based on the following observations: (1) the highest C:N ratios of uptake rates by phytoplankton occurred at higher irradiance and relatively low nitrate concentrations and only approached Redfield near the bottom of the euphotic zone at low irradiance and relatively high nutrient levels ( Figures 3 and 4) ; (2) The actual C:N ratio of phytoplankton uptake rates was probably similar to the C:N ratio of POM, because urea was likely an important source of nitrogen in addition to nitrate and ammonium for phytoplankton growth. Urea uptake was not measured during August, but it was measured from May to early July. The mean uptake rate (X + 1 standard deviation; 0.04 + 0.06 rnmol urea m -2 h 'l) was similar to the mean ammonium uptake (0.04 + 0.09 mmol m -2 h'l), and the uptake ratios for May to July (C:N = 8.7) were similar to the ratio for particulate matter (C:N = 8.9). If urea uptake is excluded from those total nitrogen calculations, then the uptake ratio (11.9) in early summer was not significantly different (p = 0.42) from the uptake ratio in August. Hence total nitrogen assimilation was likely underestimated in August, resulting in an overestimation of the uptake ratio.
Estimates of new production were calculated using different conversion factors prevalent in the literature, including
Redfield and Takahashi C:N ratios and the ratios from the CO2:NO3 reduction, POM, and phytoplankton uptake rates measured during this study, to examine the variation between conversion factors (Table 2 ). The Redfield ratio yielded the lowest estimate of carbon export to deep water, whereas the C:nitrate uptake rates gave the highest. During August median-integrated primary production was 68.4 mmol C m '2 d -• (range, 11.3 to 225.3; n = 44), and the median integrated rate of nitrate assimilation was 3.98 mmol N m '2 d 'l (range, 0.39 to 10.75, n = 37). The meanf ratio (nitrate uptake/(nitrate + ammonium uptake) [Eppley and Peterson, 1979] ) for the euphotic zone was 0.59 + 0.26 (median 0.60), suggesting that more than half of the primary production was supported by nitrate and therefore was "new production." However, if urea uptake was similar to ammonium uptake during August, then thef ratio would be lower (0.42) and production would have been more dependent on regenerative processes.
Particulate Pool: Zooplankton
The dominant Arctic zooplankton species collected in the surface layer during this study included the herbivorous copepods Calanus hyoeerboreus and C. glacialis; the onmivorous Metridia longa occurred deeper in the water colunto. In Table  1 the carbon and nitrogen content and rates measured for C. hyoeerboreus copepodite stage V and females were used as a proxaj for near-surface copepods. On average, 54.9% of the dry weight of individuals was carbon and 7.3% was nitrogen. The molar C:N ratio of copepod body carbon to nitrogen (9.6, Table 1 Dissolved organic carbon and nitrogen excretion by C. hy19erboreus females was estimated using a mass balance approach (Table 3) . The carbon and nitrogen budget for a copepod may be described as
I=G+R+E
( 1) where I is the daily amount of carbon or nitrogen ingested, G is the amount allocated to growth, R is the amount of carbon dioxide released or nitrogen excreted in catabolism, and E is the amount egested in t•cal pellets. This budget assumes that "growth" in t•male C. hyperboreus is primarily due to lipid storage because these females do not molt or reproduce during summer. Because lipids contain little nitrogen, the nitrogen requirement for G was assumed to be negligible. R and E were experimentally determined ( Table 4 . Copepod respiration accounted for approximately 1% of phytoplankton CO 2 demand and ammonium excretion provided approximately 8% of the daily ammonium taken up by phytoplankton. The integrated rate of community ingestion, estimated from the carbon egestion rate and a conservative carbon assimilation efficiency per individual of 67% [Conover, 1966a] , indicated that copepods consumed, on average, 41% (range, 8 -65%) of the primary production at this location. The integrated rate of copepod carbon egestion was 1 to 2 orders of magnitude higher than nitrogen egestion. Thus copepods, via grazing and egestion, could significantly influence the composition and elemental content of the particulate matter and the particulate flux in this region.
Discussion
In the Arctic Ocean and its marginal seas, phytoplankton Zooplankton elemental ratios and physiology were influenced by elemental cycling by phytoplankton, and, in turn, zooplankton influenced the form, quantity, and location of carbon and nitrogen cycling between particulate and dissolved pools. Body and metabolic C:N ratios of C. hyperboreus were indistinguishable from the ratio of particulate matter, implying a strong elemental coupling between phytoplankton and zooplankton. Carbon and nitrogen turnover rates in females relative to body carbon and nitrogen were in balance, and over short timescales the carbon and nitrogen content of available food largely explained the variation in respiration (80%) and excretion (60%) rates in females [Daly, 1995] . On average, one female copepod excreted more ammonium than was assimilated by phytoplankton in 1 L of seawater (Table  1) . Owing to spatial variability in abundance and low excretion rates, however, copepods probably were not the main source of ammonium within the entire euphotic zone. Copepods were more effective as a control of phytoplankton standing stock (on average, 41% of primary production consumed) than in sustaining production via ammonium excretion (8 %) ( Table 4 ). The primary source of ammonium may have been microheterotrophs, because bacterial activity was reduced [Ritzau, 1997] . Alternatively, in situ ammonium uptake rates may have been lower than indicated by the empirically derived phytoplankton rates.
The molar C:N ratio (33.2) of copepod fecal pellets, which are a common component of sinking particulate matter, was substantially higher than the ratios for other measured parameters in our study. Our geometric mean ratio also was 33% higher (C:N = 28.5 by weight) than all previous reports of C:N ratios for copepod pellets from lower latitudes (e.g. , unpublished data, 1996) . Collective evidence suggests that the unusually high egestion ratio resulted from C. hyperboreus ingesting food with a relatively low nitrogen content, coupled with a higher assimilation efficiency for nitrogen than carbon. Although this process has been attributed to copepods in other systems, northern highlatitude copepods appear to have achieved a higher level, possibly because the food they ingest has a relatively higher carbon-to-nitrogen content, and because these copepods have sequestered lipids, they may not need to assimilate as much carbon to support metabolic demands as copepods at lower latitudes. The following data support this hypothesis. (1) Carbon and nitrogen content of available food largely explained the variations in carbon (54%) and nitrogen (70%) egestion rates [Daly, 1997] (Table 3) .
The mass balance calculations for female C. hyperboreus suggested that a substantial portion of the carbon (32%) and nitrogen (83%) ingested ultimately was released as dissolved organic matter (Table 3) Our mass balance estimates for dissolved carbon production by female C. hyperboreus are similar to the highest rates measured in laboratory experiments, while our dissolved nitrogen estimates appear to be higher than other published rates. Female and stage V C. hyperboreus [Conover, 1966b] and C. pacificus [Copping and Lorenzen, 1980] were reported to have excreted 15% to 19% of the carbon ingested as DOC. More recently, Strom et al. [1997] reported that grazing C. pacificus females released 16%-30% of algal carbon as DOC. Part of the DOC released is in the form of nitrogenous compounds, such as urea and amino acids. Copepods are presumed to be primarily anm•oniotelic, with ammonium excretion accounting for 47% to 86% of total nitrogen excreted [Le Borgne, 1986] . Both urea and amino acid excretion, however, appear to be variable and may be related to food quality [Bidigare, 1983] . Urea excretion in C. hyperboreus was 13% to 23% of ammonium excretion in the Barents Sea [Bgmstedt, 1985] and 5% to 13% in the Canadian Arctic [Conover and Cota, 1985] . Given the extent of urea uptake by phytoplankton during this study, rates of urea excretion by the zooplankton community may have been similar to ammonium rates. Little is known about amino acid excretion in Arctic copepods, but 0% to 21% of total nitrogen excretion has been reported for zooplankton in other regions (reviewed by Bidigare [ 1983 ] ).
Even given the uncertainties in the mass balance calculations, it appears that most of the ingested nitrogen was converted into dissolved organic matter, with possibly a small proportion into zooplankton biomass, whereas ingested carbon was allocated in the same proportion to both the particulate pool (i.e., zooplankton biomass and fecal pellets) and the dissolved organic pool. Hence elemental cycling by C. hyperbeing remineralized.
New Production and Carbon Export
The concept of new production assumes systems are in steady state (i.e., annual timescale), but marine systems typically are sampled over much smaller timescales, confounding estimates of new production and comparison among regions [Platt et al. 1989 [Platt et al. , 1992 . In high-latitude systems, production and export occur primarily during summer. Integrated nitrate uptake during our study, averaged over 20-day periods during summer 1993, indicated that production from nitrate uptake The estimates of carbon-equivalent new production using different types of conversion factors only differed by 33% (Table 2) . It is important to note that the estimates based on the C:N ratio of phytoplankton uptake rates may not be directly comparable to the other estimates, because of the difference in timescales of in vitro measurements relative to that of bulk property measurements [Platt et al., 1989 ]. In our study, the C:N uptake ratio that included urea, in addition to nitrate and ammonium, was s•milar to the C:N ratio for particulate organic matter. Urea uptake also was found to be quantitatively important in Baffin Bay, the Bering Sea, and the Bar- 
Summary
The results of our study indicate that biogeochemical processes on the Greenland coast did not operate within expected Redfield stoichiometry during most of the productive season and that the extent that carbon and nitrogen cycling was uncoupled may differ significantly from that in other regions. 
